Adenosine deaminase deficiency
==============================

Severe combined immunodeficiencies (SCID) are a set of diseases caused by monogenic disorders that impair T-cell development and, depending on the gene implicated, can be associated with faults in the development of other hematopoietic lineages. At least ten different molecular defects that cause SCID have been described[@b1-sccaa-3-001] and ADA deficiency accounts for \~10% to 20% of the total number of cases.

Consistent with the clinical and immunological profile of SCID, ADA-deficient patients present with severe lymphopenia, absence of cellular- and humoral-mediated immunity, recurrence of opportunistic infections and failure to thrive. In addition to the immunological manifestations and because ADA is a ubiquitously expressed protein, patients also present with skeletal, lung, liver, gastrointestinal tract and neural abnormalities. In its most severe form, ADA-SCID is fatal within the first year of life.

Adenosine deaminase (ADA, EC3.5.4.4) is an enzyme of the purine salvage pathway, expressed at different levels in all tissues of the body, with the highest levels detected in the thymus.[@b2-sccaa-3-001] ADA catalyzes the conversion of deoxydenosine (dAdo) and adenosine (Ado) to deoxyinosine and inosine, respectively ([Figure 1](#f1-sccaa-3-001){ref-type="fig"}).[@b2-sccaa-3-001] In the absence of ADA activity, dAdo accumulates in extracellular compartments and within cells, where it is converted by the enzyme deoxycytidine kinase (dCydK) to deoxyadenosine trisphosphate (dATP). The build-up of both dAdo and dATP is the main cause of lymphotoxicity and the immunological alterations. dATP inhibits ribonucleotide reductase, an enzyme that participates in DNA replication and repair,[@b3-sccaa-3-001] induces apoptosis in immature thymocytes[@b4-sccaa-3-001] and interferes with terminal deoxynucleotidyl transferase (TdT) activity, thus limiting V(D)J recombination and antigen receptor diversity.[@b5-sccaa-3-001] dAdo accumulation inactivates the enzyme S-adenosylhomocysteine hydrolase (SAHH)[@b6-sccaa-3-001] and results in inhibition of transmethylation reactions necessary for effective lymphocyte activation. Elevated levels of Ado, acting through cell surface G protein coupled receptors, may contribute to immune dysfunction[@b7-sccaa-3-001],[@b8-sccaa-3-001] and pulmonary inflammation associated with ADA deficiency.[@b9-sccaa-3-001]

ADA-SCID treatment
==================

The pathogenesis of ADA-SCID arises from the accumulation of toxic metabolites in intra- and extracellular compartments. The nucleosides Ado and dAdo are transported to the plasma once the catalytic activity of dCydK is saturated whereas dATP is trapped inside the cells. In principle, any form of treatment that aids the clearance of Ado and dAdo from the plasma will shift the dynamic equilibrium of metabolites from within cells and then achieve detoxification, ultimately promoting immune recovery. Thus delivery of ADA enzyme, whether exogenously (eg, enzyme replacement therapy) or packaged within cells (allogeneic stem cell transplant or gene therapy), is the goal for correction of the disease phenotype.

Hematopoietic stem cell transplant
----------------------------------

Allogeneic hematopoietic stem cell transplant (HSCT) has been the mainstay of patients with ADA-SCID. In terms of survival, the success rate of the transplant depends heavily on the bone marrow donor: according to the latest data,[@b10-sccaa-3-001] transplants from fully human leukocyte antigen (HLA)-matched sibling and related donors are highly successful with survival rates of \~90%. However, survival rates following transplants from matched unrelated and mismatched related donors (haplo-identical) are less good with the latest data showing \~67% and 43% survival respectively. In the case of matched unrelated and HLA-haploidentical transplant, it is necessary to administer chemotherapeutic agents in order to improve the chances of donor cell engraftment and the morbidity and mortality associated with these transplants may in part be attributable to the toxicity of the cytoreductive regime.

HSCT confers good immune recovery as measured by lymphocyte counts and function and antibody production. Metabolic correction is also achieved, with dATP levels significantly reduced from pre-transplant levels, although they remain higher than in normal individuals[@b11-sccaa-3-001] or patients on PEG-ADA.[@b12-sccaa-3-001] It is possible that HSCT ameliorates the symptoms manifested in the lungs or the liver; in the animal model for ADA-SCID, the transplant of ADA^+/+^ bone marrow in neonatal ADA^−/−^ mice was able to prevent the inflammation and thickening of the lung tissue, as well as promoting the absence of liver toxicity.[@b13-sccaa-3-001] However, HSCT does not appear to correct the central nervous system (CNS)-related features of the disease, as ADA-SCID patients treated with HSCT have ongoing cognitive and behavioral abnormalities,[@b14-sccaa-3-001]--[@b16-sccaa-3-001] despite effective metabolic detoxification and immune recovery.

Enzyme replacement therapy
--------------------------

Intramuscular injections of Polyethylene glycol (PEG)ylated bovine ADA, or enzyme replacement therapy (ERT) offers an alternative treatment for ADA-SCID. By maintaining PEG-ADA levels about 100-fold above the normal, it is possible to bring down the circulation levels of Ado and dAdo, but this requires weekly or biweekly administration. PEG-ADA is often preferentially used when no suitable donor is available for an HSCT transplant or to stabilize a patient in preparation for HSCT.

Immune recovery becomes evident at about 2 to 4 months after starting therapy with initial B and NK cell recovery followed by T-cell reconstitution. Long-term administration seems to be well tolerated, the probability of surviving 20 years while on ERT is about 80%.[@b17-sccaa-3-001] Although these patients are clinically well (ie, free of opportunistic infections), there is evidence of a decline in immune function parameters over time. In a retrospective study by Chan and colleagues all nine ADA-deficient patients on long-term PEG-ADA (5 to 12 years) showed lymphocyte counts below normal and decreasing over time, as well as a decline in mitogen-induced proliferative response.[@b18-sccaa-3-001] Malacarne and colleagues also showed a decrease in thymic function in patients on long-term enzyme replacement therapy.[@b19-sccaa-3-001]

As for the effects of PEG-ADA on the nonimmunological symptoms of the disease, there is no formal study in long-term patients; however some information can be taken from case reports and studies in ADA-SCID mice. A neonate ADA-SCID patient presenting with hepatitis, hyperbilirrubinemia and immune deficiency experienced recovery from all symptoms after receiving PEG-ADA.[@b20-sccaa-3-001]

In addition, the pulmonary insufficiency observed as one of the prominent features in the mouse model for ADA-SCID can be prevented by injecting the pups with a low dose of PEG-ADA (100 to 500 units/kg body weight) from birth.[@b21-sccaa-3-001] The plasma levels attained with the low dose protocol were below that which is considered therapeutic in humans, and therefore failed to reduce the Ado, dAdo, and dATP levels in high-turnover tissues like the thymus and the spleen. A high-dose protocol (1000 to 5000 units/kg body weight) is required to reach therapeutic levels in plasma, reduce metabolite levels in thymus and spleen and ultimately achieve immune recovery.

As for the CNS abnormalities, there is no study with regard to the effect of PEG-ADA, as no single center has enough patients on long-term ERT to compare with the outcome of HSCT patients.

ADA-SCID as a good candidate for gene therapy
=============================================

Although the existing treatment options give hope to patients with an otherwise lethal disease, there are certain disadvantages associated with both options. As discussed patients undergoing HSCT have a high probability of survival only if a fully matched related donor is available; haploidentical transplants have a low success rate in ADA-SCID patients and should only be undertaken when there is no other option available.[@b17-sccaa-3-001] PEG-ADA promotes rapid detoxification of metabolites, is able to improve the clinical well-being of the patient and achieve some immune recovery. Perhaps the most important limitations for its use are its high cost (£150,000 to £200,000 per patient per year), the need for frequent administration and poor immune recovery over a long term and the lack of availability in certain countries.

Over 20 years ago, the need to provide an alternative option for those patients for whom a suitable bone marrow donor could not be found or who were not able to start on PEG-ADA, was identified.

Stem cell gene therapy may provide that option for a number of reasons. The use of gene-modified autologous stem cells avoids the risks of graft versus host disease and also the need for full cytoreductive conditioning regimes and their concomitant risks. In addition to this and with ADA being an enzyme, tight gene expression regulation is not crucial and overexpression is not likely to cause detrimental effects.

On the other hand it may not be necessary to reach ADA normal levels to obtain a beneficial outcome. ADA mutation carriers are usually normal despite having \~20% to 50% of the normal activity and according to Hirschhorn and others, it is possible to see normal immune function in individuals with as low as 5% of the normal ADA.[@b22-sccaa-3-001],[@b23-sccaa-3-001]

In addition, gene-corrected cells are expected to have a selective advantage over their deficient counterparts in a toxic environment. Such a conclusion comes from rare cases of somatic mosaicism, where patients experience immune recovery after emergence of a clone that has reverted the mutation in the ADA gene to normal.[@b24-sccaa-3-001]

Pre-clinical studies towards the development of gene therapy
============================================================

The gene encoding ADA was cloned and made available as a cDNA in the early 1980s[@b25-sccaa-3-001]--[@b27-sccaa-3-001] and it was the first gene to be associated with a form of SCID;[@b28-sccaa-3-001] therefore it became the focus of some of the first attempts to cure diseases with gene therapy.

By the mid-1980s, the advent of retroviral vector technology made it possible to deliver therapeutic genes into cells in a stable and efficient manner, since these vectors are able to integrate into the genome of the host cell. Valerio and colleagues and Friedman and colleagues reported the construction of the first retroviral vectors with the human ADA cDNA under the control of the viral long terminal repeat (LTR), and effectively transduced and expressed the transgene in NIH3T3 mouse fibroblasts[@b29-sccaa-3-001] and the mouse T-cell lymphoma BL/VL~3~,[@b30-sccaa-3-001] respectively. Using a similar retroviral vector, Kantoff and colleagues transduced T and B ADA-deficient cells derived from patients and were able to express sufficient ADA to correct their hypersensitivity to 2′ deoxyadenosine.[@b31-sccaa-3-001]

It was not until Joyner and colleagues reported the first transduction of mouse hematopoietic stem cells with retrovirus *in vitro,*[@b32-sccaa-3-001] followed by the demonstration that retrovirus-infected mouse bone marrow cells were capable of contributing to the reconstitution of lethally-irradiated recipients and retained the ability to transmit the transgene to their daughter cells *in vivo*[@b33-sccaa-3-001]*,*[@b34-sccaa-3-001] that the prospect of modifying human stem cells in the same way could be envisaged. Belmont and colleagues then published the successful transduction of mouse hematopoietic progenitors with an ADA-neoR retroviral vector.[@b35-sccaa-3-001] Viruses expressing human ADA were used in transplant experiments in mice and followed up to 6 months after transplant[@b36-sccaa-3-001],[@b37-sccaa-3-001] Expression of ADA could be detected in all hematopoietic lineages, with an activity comparable or even superior to the endogenous mouse ADA activity[@b37-sccaa-3-001]

Following the promising results observed in the murine models, the first attempts were made at reconstituting large, nonhuman primate models with bone marrow cells that had been subjected to the retrovirus transduction procedure.[@b38-sccaa-3-001]--[@b40-sccaa-3-001] It was soon evident that primate stem cells were not as easily transduced with retroviruses as were mouse stem cells; the maximum proportion of peripheral blood cells containing the provirus in these models was 1%.

Retroviruses require host cell division to accomplish genome integration and in primates, a larger proportion of stem cells are in the quiescent (G0) status, therefore the efficiency of transduction is reduced. Stimulation of proliferation with combinations of cytokines and growth factors, particularly interleukin-3 (IL-3) and IL-6 improved the transduction efficiency in human progenitor cells.[@b41-sccaa-3-001]

An important piece of information obtained from these early studies was the absence of adverse events attributed to the recombinant retroviral vector. T-cell lymphomas developed in irradiated rhesus monkey recipients after transplantation with stem cells infected with a retrovirus vector preparation, but this was due to contamination with replication-competent retrovirus (RCR)[@b42-sccaa-3-001],[@b43-sccaa-3-001] These observations underlined the importance of screening for RCR in the viral supernatants used in clinical studies.

Whilst a number of researchers were focusing their efforts on overcoming the barriers to achieve efficient stem cell transduction, others were testing the transduction of peripheral blood lymphocytes (PBLs) as alternative targets. PBLs obtained from patients under PEG-ADA treatment were transduced with a human ADA retrovirus and then injected into immunodeficient mice. Human T-cells were recovered from the spleen and peritoneum of vector-positive recipients but not from mock-infected PBL recipients. The recovered T-cells presented normal antigen-specific immune responses[@b44-sccaa-3-001] and so in this model, by expression of ADA in ADA- T-cells, it was possible to rescue immune function. In a rhesus monkey model, PBLs were recovered from donor animals, transduced with retrovirus, selected for transgene expression and then re-infused in the donor animals. Gene-marked cells were detected for up to 2 years[@b45-sccaa-3-001] suggesting that long term therapy could be provided through transduction of peripheral cells. In light of these promising results, the first clinical trials for ADA-SCID were initiated in the early 1990s.

Early clinical studies
======================

[Table 1](#t1-sccaa-3-001){ref-type="table"} lists the gene therapy trials performed between 1990 and 1996. The first ever clinical gene therapy study was started at the NIH for ADA-SCID in 1990, enrolling 2 patients who had been treated with PEG-ADA for a minimum of 9 months and had not achieved immune reconstitution.[@b46-sccaa-3-001] Lymphocytes were recovered from their blood by leukapheresis and stimulated with OKT3 monoclonal antibody (10 ng/mL) and recombinant IL-2 (rIL-2) (1000 U/mL) before infecting them with supernatant containing the LASN retrovirus, a vector that included both the ADA and the neoR genes. The cells were then expanded without any selective pressure and later re-infused into the patient. The procedure was repeated eleven times over a period of two years and the children continued to receive PEG-ADA, albeit at a lower dose.

Gene marking in CD3+ cells was as high as 50% in the first patient, but only 1% in the second. Although, some improvement in antigen-dependent responses, isohemagglutinin titers and lymphocyte ADA levels were observed after gene therapy, the clinical benefit of the therapy could not be clearly evaluated as PEG-ADA was administered alongside the gene-modified T-cells. The trials did demonstrate however that gene-modified T-cells were able to persist in the circulation for as long as ten years after treatment, an unexpected finding. The same vector and protocol were used to treat a patient in Japan[@b47-sccaa-3-001] and similar results to those observed in the first patient of the NIH trial were obtained.

A second trial transduced both T-cells and bone marrow progenitors, each with a different version of the same retroviral vector that carried different restriction enzyme patterns.[@b48-sccaa-3-001] This allowed investigators to study the contribution of transduced lymphocytes or marrow progenitors to the development of peripheral blood lymphocytes. Analysis of the PBLs showed that up to one year after treatment, the transduced cells were mainly derived from gene-modified PBLs and after this time point cells arising from BM progenitors were evident. Again it was difficult to discern the clinical benefit of the therapy alone, as PEG-ADA continued to be administered. Immune function parameters that had declined while on ERT recovered after gene therapy (GT) treatment, suggesting that improvement was associated with the reconstitution of gene-modified cells.

Contemporary to this trial was the study of Blaese and colleagues in three neonatal ADA-SCID patients treated with transduced umbilical cord blood (UCB) stem cells.[@b49-sccaa-3-001] The three patients had been diagnosed for ADA-SCID *in utero* and their cord blood was recovered at the time of delivery and the CD34^+^ population isolated and transduced using a cell-free supernatant containing the LASN retrovirus, in the presence of IL-3, IL-6, and SCF. Bone marrow samples were taken 1 year after infusion and the proportion of vector-positive cells within the CD34+ population was determined to be 1%. Despite this, the frequency of vector-positive leukocytes in the peripheral blood was only between 0.001% to 0.03%. This result was attributed to the fact that all patients were maintained on PEG-ADA which may have blunted the survival advantage conferred to gene-modified cells and had allowed the recovery of endogenous untransduced T-cells through effective metabolic detoxification. Importantly these latter two studies demonstrated that gene modification of bone marrow progenitors could result in the development of long-lived lymphoid populations.

The results of a multicenter European trial using CD34^+^ cells as the target for gene modification was published in 1996 by Hoogerbrugge and colleagues.[@b50-sccaa-3-001] The CD34^+^ population was isolated from the bone marrow of 3 patients and transduced by co-cultivation with a packaging cell line in the presence of IL-3. Although some vector-positive clonable progenitors were detected in the infused samples, the vector was detectable only at very low levels in the peripheral blood or the bone marrow of the patients and no clinical benefit was observed.

Development to improve gene therapy protocols
=============================================

The lack of efficacy in these early studies prompted investigators to reconsider the requirements for successful gene therapy in ADA-SCID. Two major issues were identified as being of great importance. Firstly all patients in these studies were not subject to conditioning prior to infusion of the gene-modified stem cells. The role of conditioning may allow the engraftment of a greater gene-modified marrow progenitors thereby allowing more robust lymphoid development. The other major issue was the use of PEG-ADA alongside gene therapy. It was argued that the removal of PEG-ADA would allow a greater survival or growth advantage to gene-modified cells. Evidence for this latter assertion came from a report published in 2002 by Aiuti and colleagues.[@b51-sccaa-3-001] A group of 6 patients enrolled in the Milan study were treated with multiple infusions of autologous transduced PBLs whilst maintained on ERT. In one of these patients, ERT was withdrawn due to complications. After PEG-ADA withdrawal, the number of gene marked PBLs rose from 10% to almost 100%. The ADA activity in PBLs increased an average of 3-fold the value before ERT discontinuation. The gene corrected T-cell population that developed after ERT withdrawal was functional with normal anti CD3 responses and specific responses to vaccination. These two major developments, explicitly the use of a conditioning regime and the withdrawal or avoidance of ERT led to the first studies showing successful gene therapy for ADA-SCID.

Two other laboratory developments helped to pave the way for the second-generation clinical studies; namely the improved cytokine cocktails and the co-localization of stem cells with virus on fibronectin. The infection of human stem cells had been shown in *in vitro* studies to be most efficient when cells were maintained over stromal layer cultures. However, co-cultivation was not clinically acceptable and it was therefore necessary to improve the cell-free systems in order to achieve the same level of transduction without loss of multipotency and self-renewal ability of the cells. Several cytokine combinations were tested on the CD34^+^ Thy-1^+^ Lin- subset, a population thought to contain primitive hematopoietic stem cells.[@b52-sccaa-3-001] The combination of SCF, Flt3-ligand and TPO, all cytokines derived from stroma and involved in stem cell proliferation, proved optimal in stimulating cell division without loss of CD^34+^ or Thy-1 expression.[@b53-sccaa-3-001] This combination minus TPO and addition of IL-3, was shown to be effective in clinical trials of gene therapy for the X-linked form of SCID.[@b54-sccaa-3-001]

Meanwhile, investigators also developed a way of enhancing the interaction between target cells and retroviral particles. The protein fibronectin participates in the adhesion of stem cells to the extracellular matrix of the bone marrow; Hanenberg and colleagues showed that target cells and retrovirus can adhere to neighboring regions of the same fragment in fibronectin-covered plates, thus increasing the likelihood of cell/virus contact and consequently of infection.[@b55-sccaa-3-001] The CH-296 fibronectin fragments were later made commercially available as Retronectin®.

Successful clinical trials of gene therapy for ADA-SCID
=======================================================

The combination of these improvements and the experience gained from the previous clinical trials led the group of Aiuti and colleagues to embark on a new clinical trial in 2000, enrolling 2 patients that lacked an HLA-matched sibling and for whom there was no PEG-ADA available.[@b56-sccaa-3-001] Bone marrow CD34+ cells were isolated from the patients, pre-stimulated with SCF, Flt3-ligand TPO, and IL-3 and subjected to three rounds of infection with an amphotrophic envelope retrovirus on Retronectin®-coated and virus pre-loaded bags. The patients underwent mild conditioning with busulfan (4 mg/kg) prior to the infusion of gene-modified CD34^+^ cells. This dose was approximately one quarter of the dose that would be used for a conventional HSCT After an initial period of neutropenia, blood cell counts increased progressively, thymopoiesis as measured by the numbers of naïve T-cells produced and the presence of T-cell receptor excision circles (TRECs) in CD3^+^ cells was restored and normal production of CD4+ and CD8^+^ T-cell subsets, as well as an heterogeneous repertoire of T-cell receptor variable region β chain and normal proliferative responses to antigens were present. B-cell functions seemed to be improving at least in one patient, permitting the discontinuation of immunoglobulin therapy. The vector was detected in most blood lineages, confirming that multipotent transduced-stem cells had engrafted.

With these positive results, the trial recruited thirteen more patients over the last 7 years, with the inclusion criteria extending to patients who had failed to respond to haplo-BMT or PEG-ADA. A summary of the results for the first 10 patients was published recently[@b57-sccaa-3-001] One year after gene therapy, on average, the proportion of gene-modified cells in the bone marrow was about 5.1% of the CD34+. In the peripheral blood the marking was at least one order of magnitude higher in the lymphocyte population (T, B, and NK cells) than in the bone marrow stem cell compartment, and comparable to the latter in the granulocyte population. This means that, in the presence of a cytotoxic environment, there is preferential differentiation of the corrected progenitors and/or selective proliferation of the gene-modified cells in the periphery. The median ADA levels in peripheral blood mononuclear cells and erythrocytes corresponded to 33.6% and 1.9% of the levels in normal controls, respectively. The presence of ADA in red cells led to a substantial decrease of toxic metabolites in this lineage. Immune reconstitution was observed in 9 out of 10 patients. Despite the fact that less than half of them reached normal blood cell counts, this was sufficient to protect patients from infection and helped them to lead a normal life free of social restriction. Only two patients required the administration of PEG-ADA after gene therapy. There were no adverse events that could be attributed to the gene-modified cells. Although an analysis of the vector integration sites revealed insertions near proto-oncogenic[@b58-sccaa-3-001] there was no evidence for clonal selection or proliferation.

In 2003, our group started a clinical trial recruiting patients for whom no haplo-identical bone marrow transplant was available and who were failing on ERT. The vector used in this trial was a gammaretrovirus, encoding only the ADA gene and pseudotyped with the GALv (Gibbon-ape leukemia virus) envelope. PEG-ADA treatment was stopped 1 month before gene therapy, CD34+ cells were isolated from the bone marrow and transduced using a similar protocol as that followed in the Italian trial. The patients were conditioned with a single dose of melphalan. The results for the first patient enrolled in this study, 2 years after starting treatment, were published in 2006.[@b59-sccaa-3-001] Again, a rise in T, B, and NK cell counts was observed in this patient, together with the acquisition of proliferative responses to PHA and CD3 stimulation. Recovery of thymopoiesis, assessed by the detection of TRECs in CD4^+^ and CD8^+^ populations, was confirmed as well as the presence of a normal heterogeneous T-cell repertoire. Metabolic detoxification was achieved with dATP levels falling to those found in patients after HSCT and red blood cell ADA activity was found to be at 10% of the normal level. The gene marking ranged from 50% in T and NK cells to \>0.1% in myeloid cells.

Five more patients have been treated to date (unpublished data). Similar to that reported for patient 1, two more patients have experienced good immune recovery and metabolic detoxification, and in a fourth, gene-modified cells make dominant contributions to immune recovery even though PEG-ADA was re-started. Failure of gene therapy has been observed in two individuals due to a poor stem cell harvest in the first, and low transduction efficiency in the second. No adverse events attributed to the procedure have been observed to date, although integrations near proto-oncogenes have been detected (unpublished data).

A two-center trial has been conducted at the National Institute of Health and Children's Hospital of Los Angeles, and the results confirm the importance of conditioning and myelosuppression for successful engraftment of gene-modified cells. In the initial phase of this study (reported at the ASGT meeting 2008, Sokolic and colleagues), 4 patients were treated in the absence of pre-conditioning; 2 of these patients had low levels of vector-positive cells, resulting in no sustained immune recovery. In the second trial phase after substantial protocol amendment, the use of pre-conditioning as well as ERT withdrawal has led to better immune recovery and metabolic detoxification (F Candotti, unpublished data).

If the results from all three studies in Italy, UK, and US are combined, over 20 patients have been treated and followed for at least 1 year after gene therapy. All treated patients have survived the procedure and approximately two-thirds have shown near full or partial immune recovery. Certainly, in terms of safety, GT appears to be superior to allogeneic HSCT from MUD and haplo-identical donors. Efficacy in terms of immune recovery is better than that following ERT especially for thymopoiesis and is comparable to that following HSCT. GT therefore provides an effective alternative for those patients for whom no well matched family donor is available. For the nonimmunological abnormalities of ADA-deficiency, it still remains to be seen whether gene therapy can ameliorate some of the symptoms previously mentioned and especially the cognitive and neurological complications.

Fortunately, and in contrast to what has been observed in the clinical trials for SCID-X1 to date, no major adverse events have been observed in any of the clinical trials for ADA-SCID. Five out of 20 patients undergoing SCID-X1 gene therapy developed T-cell leukemia between 2 and 6 years post-treatment using gammaretroviral vectors in 2 trials performed in France[@b60-sccaa-3-001] and London.[@b61-sccaa-3-001] In all cases, insertion of the vector near a proto-oncogene resulting in its subsequent aberrant expression was an initiating event in leukemogenesis. Although insertions in similar proto-oncogenes have been observed in patients treated for ADA-SCID, clonal proliferation has not been seen in any patients. The reasons for this are not clear but may relate in part to the fact that ADA is a housekeeping enzyme and not directly involved in signaling pathways that control cell proliferation. It is also important to note that the kinetics of T-cell recovery and turnover in gene therapy for ADA-SCID patients was slower than in gene therapy for SCID-X1 patients and thus the accumulation of other genetic events required to cause transformation may not manifest within a similar time frame. Therefore, it is possible that there is still a latent risk and close follow-up is necessary to fully assess the safety of this therapy.

The future
==========

The retroviral vectors tested in the clinical trials discussed above contain strong enhancer elements in their viral LTRs, thus having the inherent risk of causing insertional mutagenesis; a phenomenon by which the inserted provirus is capable of activating the expression of a neighboring proto-oncogene, leading to malignant transformation ([Figure 2](#f2-sccaa-3-001){ref-type="fig"}). Initially it was thought that the integration profile of retroviruses was random, hence making the risk of insertional mutagenesis low. Following the development of leukemia in SCID-X1 patients, it was demonstrated that retroviruses have a preference for integrating within the regulatory regions of actively transcribed genes,[@b62-sccaa-3-001] therefore increasing the chance of causing gene deregulation.

The development of new vectors with better safety profiles is important to improve the risk-benefit profile of all hematopoietic stem cell gene therapies. The integration profile of lentiviral vectors differs from that of retroviral vectors in that insertions occur preferentially within transcriptional units but not immediately surrounding the transcriptional start site,[@b62-sccaa-3-001] reducing the probability of gene deregulation. A recent study in a tumor-prone animal model compared lentiviruses and gamma retroviruses with matched LTRs and concluded that lentiviruses provide a 10-fold reduction in the risk of oncogenesis.[@b63-sccaa-3-001] Moreover, what makes lentiviral vectors a more attractive option than retroviral vectors is their capacity for transducing non-dividing cells. Human bone marrow CD34^+^ cells only need a 24-hours pre-stimulation period before lentivirus infection,[@b64-sccaa-3-001] a reduced *ex vivo* incubation period would mean a better recovery of modified stem cells after transduction and consequently superior engraftment.

Further, by deleting the enhancer elements within the LTR, and driving gene expression from an internal promoter, a layer of safety can be added to both retroviral and lentiviral vectors. Such vectors, known as self-inactivating viruses (SIN) have been shown to be less genotoxic than conventional LTR-based vectors in both *in vitro*[@b65-sccaa-3-001],[@b66-sccaa-3-001] and *in vivo*[@b67-sccaa-3-001],[@b63-sccaa-3-001] models of transformation and are anticipated to be used in the next generation of clinical trials ([Figure 3](#f3-sccaa-3-001){ref-type="fig"}). A SIN lentiviral vector for ADA-SCID treatment has already been tested at the pre-clinical level[@b13-sccaa-3-001] and it will not be long until it enters the clinical trial phase.

To date, the most popular choice of internal promoter for constitutive transgene expression is the intron-less version of the elongation factor 1 α promoter (EFS). Compared to the spleen focus forming virus U3 region (SFFV), EFS is 2- to 3-fold less active in hematopoietic cells,[@b68-sccaa-3-001] but provides a reduction of 10-fold or more in the risk of genotoxicity *in vitro*.[@b66-sccaa-3-001]

Another attractive choice for use as an internal regulatory element is the ubiquitously acting chromatin opening element (UCOE) from the human *HNRPA2B1-CBX3* locus. This element is able to efficiently drive gene expression whilst resisting insertion-site position effects and does not include enhancer elements that could increase the risk of insertional mutagenesis.[@b69-sccaa-3-001]

An additional modification that could further improve the safety profile of future generations of vectors is the inclusion of insulator elements in the 3′ LTR that results in the gene expression cassette being flanked at both ends in the integrated provirus. Insulators are "DNA elements that define the boundaries of co-ordinately regulated chromatin domains".[@b70-sccaa-3-001] Insulator elements can act as heterochromatin barriers, sheltering the chromatin domain from silencing; or as enhancer-blockers, protecting the regulatory region within the domain from the effects of a distal enhancer. Some insulators, like the chicken β-globin hypersensitive site 4 (cHS4) can have both functions.[@b71-sccaa-3-001] The cHS4 element was first characterized as a 1.2 kb-long fragment,[@b72-sccaa-3-001] about 50% of the insulator activity was later mapped to a 250 bp-long core element that contains a binding site for the CTCF zinc finger protein.[@b73-sccaa-3-001] It was observed that 2 copies of the core element placed in tandem can provide the insulator function of the 1.2 kb element.[@b73-sccaa-3-001]

Inclusion of the 1.2 kb fragment into a gammaretroviral vector with intact LTRs reduces its capacity for dysregulating gene expression in the surroundings of the insertion site by at least 3-fold, and its ability to cause malignant transformation by 6-fold in an *in vivo* model of tumor formation, but it does not completely eliminate either.[@b74-sccaa-3-001] These results are in agreement with what was observed in a system recreating the retroviral insertion in the vicinity of the LMO2 proto-oncogene -as found in some of the patients in the SCID-X1 trials-, whereby the presence of the insulator was not enough to block the activity of the intact LTR.[@b75-sccaa-3-001] This would mean that extra effort needs to be put into isolating more powerful insulator sequences than the cHS4, or that is better to use less potent enhancer-promoter combinations, as in a SIN design with internal cellular regulatory regions. Alas, the inclusion of the 1.2 kb element, or indeed any long sequence, in the LTR of a SIN lentivector results in low vector titers due to interference with the reverse transcription process and increased frequency of homologous recombination.[@b76-sccaa-3-001] Substituting the 1.2 kb fragment with a doublet of the 250 bp element is not a viable option either, as it has been shown that one copy of the core can be deleted at high frequency during viral replication.[@b77-sccaa-3-001]

Since most of the enhancer-blocking activity of insulators can be mapped to CTCF binding sites, an obvious strategy would be to construct artificial insulator elements that combine a few of these sites, with enough variability between them to avoid the possibility of recombination. Such a strategy was explored by Ramezani and colleagues, whereby a combination of the CTCF binding sites from the cHS4 and the BEAD-1 insulators was capable of reducing the genotoxic potential of a SIN lentivirus carrying the murine stem cell virus (MSCV) LTR enhancer-promoter as an internal regulatory region.[@b78-sccaa-3-001] Other combinations are being tested at the moment[@b79-sccaa-3-001] and hopefully they can contribute to the generation of a safer vector.

Summary
=======

The joint efforts of many research groups over twenty years have led to the development of stem cell gene therapy for severe combined immunodeficiencies. ADA-SCID patients particularly benefit from this new option, as fully-matched donor bone marrow transplants are not always available and PEG-ADA treatment is costly and not always effective long term. The data gathered from the successful gene therapy clinical trials indicate that this form of therapy is effective at providing immune recovery and to date, safe. The development of new viral vectors that improve the safety profile of stem cell gene therapy will be crucial to make it a first line of treatment option.
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![Pathogenesis of ADA deficiency\
**Abbreviations:** ADA, adenosine deaminase; ADCY adenylyl cyclise; Ado, adenosine; AdoHCy, S-adenosylhomocysteine; AdoK, adenosine kinase; AdoR, adenosine receptors; c-AMP, cyclic adenosine monophosphate; d-Ado, 2-deoxyadenosine; d-AMP, deoxyadenosine monophosphate; d-ATP, deoxyadenosine triphosphate; dCydK, deoxycytidine kinase; d-Ino, deoxyinosine; G, g-proteins; Ino, inosine; SAHH, S-adenosylhomocysteine hydrolase.](sccaa-3-001Fig1){#f1-sccaa-3-001}

![Mechanisms of insertional mutagenesis.\
Schematic representation of two copies of a provirus integrated upstream the regulatory regions and between exons 1 and 2 of a proto-oncogene. The full-length LTRs in the provirus are represented by black boxes L; P represents the promoter region of the gene; the numbered boxes represent the exons; the arrows represent the orientation of transcription. **A**) as reported in some of the patients of the SCID-X1 trials, the enhancer elements of the LTR can activate the expression of the proto-oncogene or **B**) as reported by Bokhoven et al *in vitro*,[@b80-sccaa-3-001] fusion transcripts of viral RNA and cellular RNA are generated due to aberrant splicing between the splicing donor site downstream of the 5′ LTR and a splicing acceptor site upstream of exon 2 of the proto-oncogene.](sccaa-3-001Fig2){#f2-sccaa-3-001}

![Comparing the architecture of the γ retroviruses tested in SCID clinical trials and the design of the future generations of vectors.\
The new generations of vectors for HSC gene therapy will be lentiviruses without enhancer regions in the LTRs and cellular promoters placed downstream of the major splicing donor site. Codon-optimized genes will be useful in models where overexpression is not a limit. The introduction of insulator sequences in the LTRs may provide another layer of safety particularly when the internal regulatory region includes enhancer elements. The WPRE region improves RNA processing and boosts SIN vector titers.\
**Abbreviations:** U5, unique region 5; R, repeat region; U3, unique region 3; ,Θ primer binding site; Ψ, packaging signal; SD, splicing donor site; SA, splicing acceptor site; RRE, Rev-responsive element; cPPT central polypurine tract; Prom, internal promoter; EFS, elongation factor 1 α short promoter; PGK, phosphoglycerate kinase promoter; TS promoter, tissue specific promoter; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element; SIN LV, self-inactivating lentivirus.](sccaa-3-001Fig3){#f3-sccaa-3-001}

###### 

Early ADA-SCID gene therapy clinical trials

  Study                                        Retroviral vector   Envelope   Cell type     Number of patients
  -------------------------------------------- ------------------- ---------- ------------- --------------------
  Blaese NIH[@b46-sccaa-3-001]                 LASN                Ampho      PBL           2
  Bordignon Milan[@b48-sccaa-3-001]            DCA*m*, DCA*I*      Ampho      BM and PBL    2
  Kohn LA[@b49-sccaa-3-001]                    LASN                Ampho      UCB CD34^+^   3
  Hoogerbrugge Netherlands[@b50-sccaa-3-001]   LgAL                Ampho      BM CD34^+^    3
  Onodera Japan[@b47-sccaa-3-001]              LASN                Ampho      PBL           1

**Abbreviations:** Ampho, amphotrophic; PBL, peripheral blood lymphocytes; BM, bone marrow; UCB, umbilical cord blood.
